1. Introduction {#sec1-1}
===============

Highly sensitive and rapid detection of glucose content has become one of essential biomedical diagnostic technologies. For instance, two main causes of diabetes mellitus are insulin deficiency and hyperglycemia in human body, and both of the two parameters can be reflected by blood glucose concentrations \[[@r1],[@r2]\]. The glucose biosensor was firstly demonstrated by using electrochemical glucose enzyme electrodes \[[@r3]\]. Thereafter, many electronic techniques based on glucose oxidase (GOD) have been proposed for glucose biosensor development \[[@r4]--[@r6]\]. For example, the conductive polypyrrole encapsulated by pHEMA hydrogel was adopted as matrix for GOD, which was then deposited on Pt electrode for glucose detection \[[@r4]\]; GOD-graphene-chitosan nanocomposite was demonstrated as active component and glassy carbon was used as electrode for glucose biosensor fabrication \[[@r5]\]. However, the electron transfer between GOD and electrode is not efficient. Moreover, those glucose biosensors are usually too bulky and costly for daily use and their sample consumption is relatively high.

One of potential solutions to these problems is to use microfluidic chips due to their advantages of compactness, low-sample consumption, and low cost \[[@r7],[@r8]\]. Moreover, microfluidic chip technology offers a platform to integrate sensors with functional components (e.g. microfluidic mixers) to achieve the lab-on-a-chip analysis system \[[@r9]\]. Recently, it was demonstrated electrochemical glucose biosensors can be integrated into microfluidic channels to develop easy-handle, low-cost, and portable microfluidic chips \[[@r10]--[@r13]\]. However, electroactive interference problems often appear in electrochemical sensors because some endogenous reducing species (e.g. ascorbic and uric acids) and drugs (e.g., acetaminophen) are electroactive \[[@r1]\].

The limitation can be overcome by using optical fiber sensor technology due to its well-known immunity to electromagnetic interferences \[[@r14]--[@r16]\]. For instance, Tiwari et al. \[[@r15]\] adopted GOD immobilized long-period grating (LPG) sensor for detection of glucose; Yang et al. \[[@r16]\] proposed a nanoporous TiO~2~/polyion film coated LPG sensor to improve the detection limitation (\~10^−7^ M); Luo et al. \[[@r17]\] suggested GOD modified tilted fiber grating sensor for highly sensitive detection of low glucose concentraion. Therefore, a promising solution is to integrate fiber-optic sensor with microfluidic technology to develop high-performance glucose sensing devices.

In this paper, we demonstrate an LPG biosensor fabricated in a small-diameter single-mode fiber (SDSMF) for glucose sensor development and on-chip integration, as shown in [Fig. 1](#g001){ref-type="fig"}Fig. 1(a) Schematic design of the optical fiber biosensor integrated microfluidic chip: ① are two inlets, ② is outlet, ③ is a spiral mixture, ④ are optical fibers and ⑤ is the embedded LPG sensor. (b) The mode coupling and optical resonance in the LPG biosensor. (c) Working mechanism of the multilayer film for glucose sensing and signal enhancement.. A hybrid sensing film using multi-layer poly (ethylenimine) (PEI) and poly (acrylic acid) (PAA) supporting film and a negatively charged glucose oxidase (GOD) outer layer is deposited on the side surface of LPG for glucose sensing and signal enhancement. The SDSMF-LPG biosensor is then integrated into a microfluidic chip for fast and low-sample-consumption glucose analysis. Experimental results reveal that the fabricated LPG glucose sensor can detect ultralow concentration of glucose (\~10^−9^ M). The performances of the biosensor, in terms of response time and detection range, are significantly improved after integrated into the microfluidic chip.

2. Materials and methods {#sec1-2}
========================

2.1 Chemical and materials {#sec2-1}
--------------------------

Poly (ethylenimine) (PEI, M~w~ = 750 000 g mol^−1^, 50 wt% aqueous solution), poly (acrylic acid) (PAA, M~w~ = 100 000 g mol^−1^, 35 wt% aqueous solution) and glucose oxidase (GOD) (149800 U/g) were purchased from Sigma-Aldrich Co. Ltd. (USA). Glucose anhydrous was obtained from Shenzhen Chemical Reagent Company (Shenzhen, China). EPON resin SU-8 was purchased from Momentive Performance Materials Inc. (USA). Tributylamine (TBA) and cyclopentanone were obtained from Meryer Chemical Technology Co., Ltd. (Shanghai, China). 4-Octyloxydiphenyliodonium hexafluoroantimonate (OPPI) was kindly provided by Hampford Research Inc. (USA). Silicone elastomer (SYLGARD^®^ 184) was manufactured by Dow Corning (China) Holding Co. Ltd. All the inorganic materials (CaCl~2~, NaCl, H~2~SO~4~, H~2~O~2~, HCl and KOH) used were analytical grade. Deionized water (DI water) with a resistance of 18 MΩ cm was used in all the experiments.

2.2 Fabrication of LPGs in small-diameter single-mode fiber (SDSMF) {#sec2-2}
-------------------------------------------------------------------

A small-diameter single-mode fiber (RC1550 80-21/165, Yangtze Optical Fiber and Cable Joint Stock Limited Company, China) with the diameter of 80 µm was used for LPG fabrication. The optical fiber was initially hydrogen loaded at a pressure of 1500 psi at room temperature for one week to enhance photosensitivity. Thereafter, a point-by-point technique was utilized to fabricate LPGs using a KrF pulsed Excimer laser (BraggStar-M, Coherent Inc.) operating at the wavelength of 248 nm.

2.3 Preparation of the glucose sensing films by LbL self-assembly technique {#sec2-3}
---------------------------------------------------------------------------

The concentrations of both positively charged PEI and negatively charged PAA were diluted to 2.0 g/L, with the pH of 11.0 and 3.0, respectively. The concentration of negatively charged GOD was 50 mg/L at pH 7.0. The LbL electrostatic self-assembly of PEI, PAA, and GOD was carried out on silicon wafers (10mm × 10 mm) for testing and characterization and then applied on SDSMF-LPGs, respectively. The substrates were cleaned with piranha solution (7: 3 of 98% H~2~SO~4~ and 30% H~2~O~2~), washed with large volumes of DI water and dried with nitrogen to get negatively charged surface. The negatively charged substrates were then dipped into the positively charged PEI and negatively charged PAA solutions alternatively, each for 10 minutes at room temperature. The substrates were rinsed with DI water for 1 minute in between the immersions in polycation and polyanion solutions to remove the excess adsorbed components, and dried with nitrogen. The process was repeated until desired numbers of bilayers were fabricated (one bilayer consists of one PEI layer and one PAA layer and is expressed as (PEI/PAA)~1~). The substrates were then dipped into a negatively charged GOD solution for 60 minutes, and immersed in DI water for 3 minutes, and dried with nitrogen again.

2.4 Fabrication of the microfluidic chip {#sec2-4}
----------------------------------------

EPON resin SU-8 was dissolved into cyclopentanone in the concentration of 70 wt%. 0.5 wt% TBA and 2 wt% OPPI were added into solution under stirring and fully dissolved. The solutions were firstly spin-coating on the surface of a pretreated silicon wafer (2 cm × 2 cm) at a speed of 1000 rpm. Then the substrate was soft baked at 65 and 95°C for 10 and 30 min, respectively. The designed microfluidic chip was converted into a series of image data and then loaded onto a digital micromirror device (DMD) based maskless lithography system for generation of optical patterns. UV light source (365 nm) was used for optically patterning the SU-8 photoresisit. After exposure, the substrate was post baked at 65 and 95 °C for 1 and 10 min, respectively, to selectively crosslink the exposed portions of the film. The master of designed microfluidic chip was then fabricated after a development process.

The PDMS microfluidic chip was fabricated by using moulding and thermally crosslinking method. A 10:1 mixture of PDMS and crosslinker was used for the chip fabrication. The mixture was degassed in a vacuum chamber for 30 minute. Thereafter, the PDMS mixture was poured onto the SU-8 master and cured in an oven at 75 °C for 1 hour. The PDMS slice with microfluidic channels was then peeled off from the mold and several holes were drilled by using the punch. The PDMS slice was eventually bonded upon a cover glass after treated with oxygen plasma for 3 minutes.

2.5 Biosensor tests {#sec2-5}
-------------------

1 mM glucose solution was prepared by adding 0.018g glucose powder into 100 mL DI water. Glucose solutions of other concentrations, including 100 µM, 10 µM, 2 µM, 0.1 µM, 20 nM, and 1 nM, were prepared by diluting the previously prepared solution. In order to mimic the blood samples, 0.585 g NaCl was added to each glucose solution to prepare 0.1 M NaCl buffer solution.

Optical fiber LPG glucose biosensors were packaged in a shallow Teflon groove before testing. Glucose solutions with different concentrations were injected into the Teflon groove by syringe. After each test, the previously used glucose solution was extracted, and then the Teflon groove and biosensor was thoroughly flushed by using 0.1 M NaCl buffer solution.

LPG sensor integrated microfluidic chip was tested by injection of glucose solutions using a programmable syringe pump (NE-4000 Double Syringe Pump, New Era Pump Systems Inc., NY USA). Flow rate was controlled by the programmable syringe pump. A flow rate of 5 µL/min was used in the experiments.

2.6 Characterization {#sec2-6}
--------------------

The thickness of multilayer film was measured by a surface profilometer (Veeco, Germany). Scanning probe microscopy (DI Nano Scope 8, Veeco, Germany) and atomic force microscopy (AFM) mode were performed on a 9146JVHC station. The silicon tips (NSG10, NT-MDT) were operated with a resonance frequency of 288 kHz. The 3D microstructures were measured by using 3D laser scanning microscope (VK-X200, KEYENCE, Japan) in a non-contact scanning manner.

3. Results and discussion {#sec1-3}
=========================

3.1 RI sensing property of SDSMF-LPGs {#sec2-7}
-------------------------------------

When an optical fiber is inscribed with an LPG structure, a resonant mode coupling between the guided core mode and a forward-propagating cladding mode can be excited at the wavelength \[[@r18],[@r19]\]:$$\lambda = \,\lbrack n^{\mathit{eff}}(\lambda) - n_{clad}^{i}(\lambda)\rbrack\Lambda$$ where *n~eff~* (*λ*) is the effective RI of the core mode at the wavelength *λ*, $n_{clad}^{i}(\lambda)$ is the RI of the LP*~0i~* cladding mode and Ʌ is the period of the LPG. It can be seen from [Eq. (1)](#e1){ref-type="disp-formula"} that the resonant wavelength *λ* is determined by $n_{clad}^{i}(\lambda)$ which depends on the evanescent field of the cladding mode. Therefore, LPG is a versatile technology for label-free RI sensing.

In the experiments, a 2-cm length LPG with the period of 390 µm was inscribed in the SDSMF. The measured transmission spectrum of SDSMF-LPG is shown in [Fig. 2](#g002){ref-type="fig"}Fig. 2Transmission spectrum of the fabricated SDSMF-LPG. The inset shows the response of its deepest spectral dip to the RI changes of surrounding medium.. The spectral dip corresponding to the coupling with LP~05~ cladding mode at the wavelength of \~1510 nm is chosen for sensing due to its highest signal-to-noise ratio.

Since CaCl~2~ aqueous solutions have relatively wide range of RI values, they have been chosen to characterize the responses of the LPG sensor to RI changes. The measured results are shown in the inset of [Fig. 2](#g002){ref-type="fig"}. One can see that the central wavelength of the spectral dip nearly linearly shifts to shorter wavelength with the increment of RI ranging from 1.33 to 1.4. The RI sensitivity deduced by linear fitting is \~205 nm/R.I.U. It is noteworthy that the RI sensitivity of the LPG is higher than those fabricated in standard SMF (with the diameter of 125 µm) due to the reduced size of fiber cladding \[[@r19]--[@r21]\], which implies that SDSMF-LPG has remarkable potential to develop high-performance fiber-optic biosensors for e.g. on-chip integration.

3.2 (PEI/PAA)~9~(PEI/GOD)~1~ multilayer sensing film preparation {#sec2-8}
----------------------------------------------------------------

(PEI/PAA)~n~(PEI/GOD)~1~ multilayer film was deposited via a LbL technique, as shown shown in [Fig. 3(a)](#g003){ref-type="fig"}Fig. 3(a) The layer-by-layer self-assembly scheme for the preparation of multilayer sensing film; (b) Thickness growth of the (PEI/PAA)~9~(PEI/GOD)~1~ multilayer film. The inset shows the AFM image of (PEI/PAA)~9~PEI multilayer film., and then measured by a surface profilometer. It can be seen from [Fig. 3(b)](#g003){ref-type="fig"} that the (PEI/PAA)~n~ multilayers display an exponential thickness growth with layer numbers \[[@r22],[@r23]\]. On the other hand, the active GOD layer is very thin (about 22 nm) due to the low concentration of GOD used in the film preparation. Thin active GOD layer is useful for the solution fast diffusing into, to achieve fast response. The morphologies of the multilayer sensing films were characterized by AFM, as shown in the inset of [Fig. 3(b)](#g003){ref-type="fig"} (more details are shown in [Fig. 8](#g008){ref-type="fig"}, [Appendix 1](#app1){ref-type="app"}). The AFM images showed that the sensing film was well deposited by the LbL electrostatic self-assembly technique \[[@r22]\].

The spectra of the SDSMF-LPGs were measured by using a broadband light source and an optical spectra analyzer (OSA). [Figure 4](#g004){ref-type="fig"}Fig. 4Transmission spectra of the SDSMF-LPG sensor before and after depositing the sensing film. shows the measured transmission spectra of the SDSMF-LPG sensor before and after deposition of (PEI/PAA)~9~(PEI/GOD)~1~ multilayer film, respectively. It can be seen that the spectral dips appear blue shift after deposition of sensing films. The result agrees with the data shown in [Fig. 2](#g002){ref-type="fig"} that the higher RI of multilayer sensing film induces a blue shift of the sensor's spectral dip. The shift of spectral dip indicates that the multilayer sensing film has been successfully deposited on the surface of SDSMF-LPG \[[@r24]\].

3.3 SDSMF-LPG glucose biosensors {#sec2-9}
--------------------------------

The sensing mechanism of the glucose biosensor is shown in [Fig. 1(b)](#g001){ref-type="fig"}. When the glucose is oxidized with the GOD catalyst, gluconic acid will be produced, and the pH of mixture solution changes with it \[[@r25]\]. Since the swelling degree of the (PEI/PAA)~n~ multilayer sensing film depends on the pH of surrounding medium, the sensing film will swell with glucose concentration increasing and the induced RI change leads to a spectra shift of the SDSMF-LPG sensor \[[@r26]\].

The fabricated SDSMF-LPG gluocose biosensors were tested in glucose solutions with different concentrations. [Figure 5(a)](#g005){ref-type="fig"}Fig. 5(a) Response of the SDSMF-LPG biosensor to different glucose concentrations. The inset shows the measured transmission spectra; (b) the measured dynamic response of the biosensor. shows the response of the SDSMF-LPG glucose biosensor (with (PEI/PAA)~9~(PEI/GOD)~1~ multilayer film) to different glucose concentrations. It can be seen that the resonant wavelength shifts to longer values when the concentration of glucose increases. It is because the reaction product (i.e. gluconic acid) decreases the pH of solution. As a result, more -COO^-^ groups are pronated to --COOH in the PAA layer and more positive charges appear on the PEI chains. Consequently, the complexation between PEI and PAA becomes weaker and the swelling degree of PEI/PAA multilayer film increases. Therefore, the RI of the sensing film will decrease, which thus induces a red shift of the spectral dip of the biosensor \[[@r27]\]. The spectral dip stops red shift when the glucose concentration increases to 2 µM. It is mainly because that the pH no longer changes after reacting for a specific period of time.

The dynamic response of the LPG glucose biosensor is shown in [Fig. 5(b)](#g005){ref-type="fig"}. One can see that the response time of biosensor is around 6 min. Moreover, the detection limit of the biosensor is 1 nM. It can also be seen the wavelength shifts about 5 nm when the glucose concentration changing from 1 nM to 20 nM. As the resolution of OSA is 0.02 nm, it reveals the fabricated LPG sensor can resolve the glucose change as low as 1 nM.

3.4 Fabrication and tests of the microfluidic chip {#sec2-10}
--------------------------------------------------

The SDSMF-LPG glucose biosensor with (PEI/PAA)~9~(PEI/GOD)~1~ multilayer film was integrated into the microchannel of a PDMS chip for microfluidic glucose sensing. As shown in [Fig. 1(a)](#g001){ref-type="fig"}, two fiber-optic glucose biosensors can be integrated into the chip for dual-parameter microfluidic sensing. A spiral microfluidic mixer is employed to mix the solutions homogeneously before passing through the two LPG sensors. It was reported that such a pre-mixing process can dramatically improve the performance of sensors \[[@r28],[@r29]\].

[Figure 6(a)](#g006){ref-type="fig"}Fig. 6Photos of the SU-8 master mould for microfluidic chip fabrication (a) and its mixer part (b); the photo of real microfluidic chip fabricated by casting PDMS on the SU-8 mould and then sealed with glass slide by using O~2~ plasma (c). shows a photo (taken by using a camera) of the SU-8 master of the microfluidic chip fabricated on the silicon substrate. An enlarge image (taken by laser scanning confocal microscope) of the spiral mixer is given in [Fig. 6(b)](#g006){ref-type="fig"}. The width and depth of the microchannel are about 110 and 260 µm, respectively (a detailed profile and size information are presented in [Fig. 9](#g009){ref-type="fig"}, [Appendix 2](#app2){ref-type="app"}). It can be seen that the spiral microstructure is very uniform and its surface is pretty smooth. With the SU-8 master, a PDMS microfluidic chip was fabricated by using the moulding method. The SDSMF-LPG glucose biosensor was embedded into the chip before bonding the PDMS microfluidic chip on the glass substrate. [Figure 6(c)](#g006){ref-type="fig"} shows the fabricated PDMS microfluidic chip integrated with the LPG glucose biosensor. The size of the microfluidic chip is small, which can thus reduce solution consumption greatly.

The response of the microfluidic chip was tested through injecting glucose solution at the flow rate of 5 uL/min. [Figure 7(a)](#g007){ref-type="fig"}Fig. 7(a) Response of the microfluidic chip to different glucose concentrations. The inset shows the measured transmission spectra; (b) the measured dynamic response of the glucose microfluidic chip. shows the measured spectral response of the chip to different glucose concentrations. Experimental results show that the sensitivity of the microfluidic chip is very close to that of the LPG glucose biosensor measured outside of the chip, whereas the detection range is extended from 2 µM to 10 µM. The dynamic response of the microfluidic chip is presented in [Fig. 7(b)](#g007){ref-type="fig"}. One can see that the microfluidic chip can distinctly sense tiny glucose concentration as low as 1 nM. Meanwhile, the response time of the microfluidic chip was dramatically shortened from 6 minutes to 70 seconds. It can be explained that the dramatic reduction of the volume of glucose used in the test can give rise to a fast reaction between glucose and GOD layer. Therefore, the sensing film can also achieve a quick equilibrium of swelling/deswelling according to the induced pH change of the solution. The test has been repeated three times to show the repeatability of the sensor in the microfluidic chip (the detailed experimental data are presented in [Fig. 10](#g010){ref-type="fig"}, [Appendix 3](#app3){ref-type="app"}). The preliminary testing results reveal that the deviation of measurement results are relatively small, which is in conformity to the robust electrostatical absorption of GOD in the sensing film.

Although the GOD can selectively catalyze the oxidization reaction of glucose solution \[[@r30]\], the sensor is also sensitive to the change of pH (e.g. acid substances) as its sensing film has adopted PEI/PAA multilayer for signal enhancement. One potential solution to solve this issue is to integrate one more LPG sensor, as shown in [Fig. 1(a)](#g001){ref-type="fig"}, to simultaneously monitor both pH and glucose concentration. The optical fiber pH sensor can be fabricated by using e.g. PEI/PAA multilayer \[[@r31]\]. Nevertheless, the demonstrated microfluidic chip has shown its remarkable performances such as ultrahigh sensitivity, fast response, and low consumption, and thus is promising to e.g. solve coagulation problem in practical clinical diagnosis \[[@r32]\].

4. Conclusion {#sec1-4}
=============

A highly sensitive glucose microfluidic chip integrated with specialty optical fiber LPG sensor (inscribed in a small-diameter single-mode fiber) has been demonstrated. A layer-by-layer self-assembly technique has been successfully applied to prepare PEI/PAA multilayers on the surface of the LPG sensor. The negatively charged GOD layer was then immobilized on the multilayer film for glucose sensing. The SDSMF-LPG glucose biosensor has been eventually integrated into a PDMS microfluidic chip for glucose detection. Experimental results have revealed that such a microfluidic chip has not only an ultralow detection limit (1 nM) but also a remarkably fast response time (70 s). It is believed that such an optical fiber glucose biosensor integrated microfluidic chip has great potential for both healthcare and clinical diagnosis.
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![Laser scanning confocal microscopy images and profile parameters of the SU-8 mold for the spiral mixer in the microfluidic chip.](boe-7-5-2067-g009){#g009}
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